Summary: Values of regional cerebral oxygen extraction ratio and oxygen utilisation obtained with the oxygen-IS steady-state inhalation technique have been found to be overestimated due to the signal from intravascular ox ygen-IS. A previously described method to correct for this intravascular component has been applied to a series of studies on normal subjects, and on brain tumour and stroke patients. With this correction the regional cerebral oxygen extraction ratio in normals becomes comparable to the global values previously reported with arteriove nous sampling techniques. Within the lesions of brain
The combined use of the oxygen-IS steady-state inhalation technique and positron emission tomog raphy (PET) allows for measurements of regional cerebral blood flow (rCBF), oxygen extraction ratio (rOER; the fraction of oxygen extracted from the arterial blood), and oxygen utilisation (rCMR02) (Frackowiak et aI., 1980a) . This technique has been used to study both normal brains and cerebral dis ease (Frackowiak et aI., 1980a (Frackowiak et aI., , 1981 Ackerman et aI., 1981; Baron et aI., 198Ia,b; Ito et aI., 1982; Lenzi et aI., 1982) .
The reported absolute values for normal rOER (and therefore for normal rCMR02) are, however, higher than those obtained with arteriovenous sam pling (Frackowiak et aI., 1980b; Baron et aI., 1981 c) . It has been shown (Lammert sma et aI., Abbreviations used: AVM, Arteriovenous malformation; PET, positron emission tomography ; rCBF, regional cerebral blood flow; rCBV, regional cerebral blood volume; rCMROz, regional cerebral oxygen utilisation; rOER, regional oxygen extraction ratio (fraction of oxygen extracted from arterial blood) .
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tumour and stroke patients, the corrections have been found to be variable and often substantial. It is concluded that failure to apply this correction may result in major errors in the values for regional oxygen extraction ratio and oxygen utilisation. This is especially t rue when the regional blood flow and oxygen extraction ratio of a tissue is low and regional blood volume is high. Key Words: Oxygen-IS steady-state model-Positron emission to mography-Regional cerebral blood flow-Regional ce rebral blood volume-Regional cerebral oxygen extrac tion ratio-Regional cerebral oxygen utilisation.
1981; Lammertsma and Jones, 1983 ) that this over estimation may be due to the signal from haemo globin-bound oxygen-IS in the 1502 scan, which is neglected in the steady-state technique. In a com panion article in this issue (Lammertsma and Jones, 1983) , a method has been described to correct for this vascular component utilising an additional mea surement of regional cerebral blood volume (rCBV). This method has been applied clinically (Wise et aI., 1983) . To determine the extent of the error of the "noncorrected" studies, both corrected and uncor rected values of rOER for the same patients have been examined. A comparison of these values in normal subjects has been used to determine if the difference between the oxygen-IS steady-state tech nique and the arteriovenous sampling techniques can be explained solely by this intravascular ox ygen-IS background signal.
This article describes the application of the rCBV correction to data recorded from normal volun teers, and from brain tumour and stroke patients. Comparisons are made of the values of rOER be fore and after rCBV correction. The results show the degree of overestimation of rOER that can occur, in both normal and diseased brain, if the rCBV correction is not applied.
THEORY
The oxygen-IS steady-state technique for the measurement of rCBF and uncorrected rOER (Eb) (Frackowiak et aI., 1980a) and a method to measure rCBV using IlCO (Phelps et aI., 1979) have been described. From these data it is possible to calculate the rOER corrected for intravascular oxygen-IS (E o )
using the following equations (Lammertsma and Jones, 1983) :
where rCBF and rCBV are expressed per 100 ml of brain, and A is the decay constant for oxygen-IS.
It is important to note that in this correction it is assumed that rCBV lies entirely within the venous side of the circulation. However, it has been shown (Lammertsma and Jones, 1983 ) that the correction is not sensitive to the actual distribution of rCBV over arterial and venous compartments. A summary of the exact correction, allowing for both arterial and venous volumes, is given in Appendix A, in which the effect of activity in the arterial compart ment on the calculation of rCBF is also summar ised.
SCANNING PROCEDURE
In the oxygen-IS steady-state technique, trans axial tomographic distributions of tracer within the brain are recorded during the continuous inhalation of CI502 and 1502, respectively. In addition, trans mission scans are recorded with a ring source of positron-emitter, and these data are used to correct the emission data for tissue attenuation (Fracko wiak et aI., 1980a) . The measurement of rCBV re quires an additional emission scan after the inhal ation of IlCO (Phelps et aI., 1979) .
The ECAT II (EG&G, Ortec) whole-body PET scanner was used, and IICO was administered until a count rate of � 3000 cps for the tomographic plane was reached. The IICO supply was then discon tinued, and, after an equilibrium period of 4-5 min, scanning commenced. Normally two transaxial planes through the brain were scanned, each for 5 min.
rCBV is expressed per unit volume of cerebral tissue; thus, no correction has to be applied for the density of the tissues (Phelps et aI., 1979) .
Although, in principle, for the purpose of the cor rection, continuous inhalation of CISO would be more attractive (Lammertsma and Jones, 1983) , this approach was not feasible in the present study. With the cyclotron used it was not possible to produce sufficient amounts of carrier-free CISO. For the present procedure (IICO "bolus" inhalation) the CO-concentration of the inhaled gas was <1 ppm, which is well below the accepted industrial safety level of 50 ppm.
RADIATION DOSE
The addition of the IICO scan increases the ra diation dose to the patient. This may be partly offset by reducing the number of planes scanned with 150. In the steady-state procedure, the lungs receive the highest dose (Frackowiak et aI., 1980a) . Adminis tering IICO primarily adds to the dose received by the blood. For the procedure used the additional dose to the blood was � 1.6 rad.
Permission to include the IICO scan in clinical studies has been obtained from the Research Ethics Committee of Hammersmith Hospital and the United Kingdom Administration of Radioactive Substances Advisory Committee. Informed consent of subjects, patients, and, where appropriate, rela tives was obtained prior to each study.
RESULTS
The rCBV correction was applied to the cerebral rOER data of several groups of subjects: the grey and white matter in 8 normal volunteers, the tumour region and contralateral grey matter in 31 patients with cerebral tumours, and the ipsi-and contralat eral grey matter in 17 studies on 7 patients with evolving cerebral infarction. Results are given in Ta bles 1-3. rCMR02 results (rOER x rCBF x ar terial oxygen content) are not given, as the data presented here are intended to illustrate the effect of the rCBV correction on rOER.
In Ta ble 1, white matter data are not given for one of the normal subjects (study no. 594). This was because no slice was recorded that was suitable for assessing white matter. The same is true for the contralateral grey matter in one tumour patient (Table 2 , study no. 468). In one tumour'patient (study no. 247), metastases were present in both hemispheres and consequently no contralateral cui at ion of rOER is 14% for grey matter and 8% for white. The correction varies little among subjects. However, within the contralateral grey matter of both tumour and stroke patients there is greater variation. Within the lesions themselves the correc tion is more variable, and often substantial.
As an illustration of an extreme case, Fig. I shows the study of a patient with a cerebral arte riovenous malformation. The results indicate that within the lesion there is a very high regional level of nonextracted intravascular oxygen-IS. Before rCBV correction, the rOER seems to be increased relative to that of the surrounding cerebral tissue. However, after correction for intravascular oxygen-15 it is clear that the same region has, in fact, a markedly reduced oxygen extraction ratio. The cor rected OER scan shows that there is only a small amount of aerobically respiring tissue present within the vascular malformation.
The effect of a differing arterial fraction (X of the total blood volume was analysed by calculating the rOER and rCBF data with Eqs. A.l and A.3 (Ap pendix A). In all cases, varying (X from 0 to I had a negligible effect on the values of rCBF and the corrected rOER.
To analyse the effect of the presence of larger arteries or shunts within the regions of interest, the same calculations were performed with Eqs. A.2 and A.3. Results for changing the value of (X in the rOER calculation are given in Ta ble 4. Only those cases (and regions) are included in which a change in ex altered the value of rOER. Even for the ex treme case, where all blood present is taken as being non-nutrient, arterial blood in the region (ex = 1), there were only minor changes in six tumour regions and in the ipsilateral grey matter in seven studies on stroke patients. The negative rOER ob tained for one of the regions (study no. 474) shows that at least in this case, the constant background model is not appropriate. The measured value of rCBF, if this model were valid for all studies, would give rise to a mean overestimation of 3% for ex 0.3 and 10% for ex = 1.
DISCUSSION
From Ta ble 1 it can be seen that the correction for intravascular nonextracted oxygen in the cal culation of rOER is higher for grey than for white matter (14% and 8%, respectively). This is due to the difference in rCBV, since the correction is more important for the tissue with the higher rCBY. In normal volunteers this correction varies little. The average value of the corrected rOER is 0.39, which is comparable to a value of 0.35-0.40 reported from direct arteriovenous sampling (Lassen, 1959) . This indicates that the overestimation of rOER in the oxygen-IS steady-state technique is indeed due mainly to the presence of intravascular oxygen-IS, as suggested previously (Lammertsma et aI., 198 1) .
The corrections in the region of a tumour ( Table  2 ) or an infarct (Table 3) are variable, and often substantial. For tumours, the importance of the cor rection arises because of their low rOER, whereas the variability mainly arises from the variable values of rCBY. Within infarcts the variation is due mainly to variation in rOER itself and in rCBF, and again the correction is more important for low rOER. Even in the contralateral grey matter of pa tients with cerebral tumours, the magnitude of the correction varies more than in the normal volun teers. This is due to variable rOER and rCBV, which possibly reflect pathophysiological changes secondary to raised intracranial pressure. Further interpretation of the data shown in Ta bles 1-3 will be reported elsewhere.
In the calculation of rCBV from the lICO scan, a cerebral-to-Iarge vessel haematocrit ratio of 0.85 is used. This value is the mean of several reported studies and has been used by a number of authors (see Phelps et aI., 1979) . Although the cerebral hae matocrit could change regionally, especially in dis ease, it has been shown previously that even an error in cerebral haematocrit of 15% would result in only minor errors of rOER compared to the er rors obtained if no correction were applied (Lam mertsma and Jones, 1983) .
For all patient studies presented, recalculating corrected rOER on the assumption that all blood was arterial produced results identical to those ob tained when all blood was assumed to be venous. Even in the presence of shunts or large arteries, where the constant background model would be more appropriate, only occasionally will arterial blood have a effect on the calculation of rOER (Table 4 ). In the latter case rCBF would be over estimated by � 3%, for an arterial fraction of 30%. Therefore the clinical data presented here justify the assumption that neglecting arterial volume only results in minor changes (Lammertsma and Jones, 1983) .
It is clear from the results ( Tables 1 -3 ) that in order to obtain reliable rOER values, rCBV correc tion should be performed in patient studies. Previ ously it has been shown that the statistical precision of the rOER estimation only decreases by a few percent as a result of this correction (Lammert sma and Jones, 1983) .
CONCLUSION
This study shows that the overestimation in the calculation of regional oxygen extraction ratio (rOER) and oxygen utilisation in the brain obtained with the oxygen-IS steady-state inhalation tech nique is due to nonextracted intravascular oxygen-15. A correction for this vascular component results in a mean rOER for normal volunteers similar to that reported in studies in which direct arteriove nous sampling was used .
Although the proposed correction assumes that rCBV lies entirely within the venous side of the cir culation, the clinical data confirm that the correc tion method is not sensitive to the actual distribu tion over arterial and venous compartments.
In patients with cerebral tumours and stroke, in whom rOER in the lesions is often low and the rCBV variable, the correction is variable and may be substantial. Omitting an rCBV correction may result, therefore, in an appreciable overestimation of rOER and rCMR02, especially in cases of low rOER and/or variable rCBV.
APPENDIX A
The correction applied in this article (Eqs. 1 and 2) assumes that rCBV lies entirely within the venous side of the circulation. Theoretically it is possible is considered to be distributed over the arterial and venous compartments.
If, however, arteries or larger arterioles supplying adjacent regions of brain are present, or arteriove nous shunts exist, the relationship between mea sured and actual flow would be given by
The first (two-compartmelllt ) model (Eq. A,1) gives a negligible underestimation of flow, the second (constant background, Eq, A.2) a small overestimation. In reality a combination of both models will exist, resulting in only a minor error in the measurement of rCBF.
For both models the relationship between cor rected (Eo) and uncorrected (Eb) oxygen extraction ratio is given by
to correct for both arterial and venous activity. In cluding arterial volume also makes a (small) correc tion for rCBF necessary. Equations have been de rived previously (Lammertsma and Jones, 1983) and will only be summarised here. If all arterial blood in a total volume V is nutrient to the tissue within that same volume, the relation ship between flow measured with the oxygen-I5 steady-state inhalation technique (F'IV), and the ac tual flow (FlVd) is given by
where V is the total volume (i.e., Vt + Vy + Va = Vt + Vb)' Vt is the tissue volume, Vy is the venous blood volume, Va is the arterial blood volume, Vb is the total blood volume (i.e., Va + Vy), Vd is the volume of distribution of extracted water ( = Vt + Vy), and" is the decay constant for oxygen-I5.
In the derivation it is assumed that the tissuel blood partition coefficient of water and the extrac tion fraction of water are unity. It has been shown that errors from these simplifications, when applied to the human brain, are small (Lammertsma et aI., 1981) . In addition, the small capillary blood volume For low flow values this relationship becomes de pendent on flow itself. Because the relationship be tween measured and actual flow is different for both models, there will be a slight difference in correc tion for low flow values. In practice, the results obtained with Eqs. A.I and A.3 and a varying ar terial fraction ex of the total blood volume are es sentially the same as those obtained with the prac tical method used in this article (Eqs. 1 and 2). Only in the presence of shunts (Eqs. A.2 and A.3), low rCBF, and high rCBV and arterial fraction, could the correction be slightly higher than that obtained with Eqs. 1 and 2. These combinations are rare, however, and, even if they were to occur, would result in small errors.
For the brain, no in vivo technique has been de scribed for distinguishing between arterial and ve nous blood volume. Assuming a fixed ratio between arterial and venous volume, especially in disease, is not valid. However, the practical method applied in this paper is not sensitive to the actual distribu tion of rCBV (Lammertsma and Jones, 1983) .
